Nogo-B (Reticulon 4B) is an endoplasmic reticulum (ER) resident protein that regulates ER structure and function. Because ER stress is known to induce M2 macrophage polarization, we examined whether Nogo-B regulates M1/M2 polarization of Kupffer cells and alters the pathogenesis of alcoholic liver disease (ALD). M1 and M2 phenotypes were assessed in relation to Nogo-B expression and disease severity in liver specimens from ALD patients (NCT01875211). Liver specimens from wild-type (WT) and Nogo-B knockout (KO) mice fed a control or Lieber-DeCarli ethanol liquid diet (5% ethanol) for 6 weeks were analyzed for liver injury and steatosis. Kupffer cells isolated from WT and Nogo-B KO mice were assessed for M1 and M2 activation. A significant positive correlation was observed between Nogo-B positive Kupffer cells and disease severity in ALD patients (n 5 30, r 5 0.66, P 5 0.048). Furthermore, Nogo-B-positive Kupffer cells were correlated with M1 activation (inducible nitric oxide synthase) (r 5 0.50, P 5 0.05) and negatively with markers of M2 status (CD163) (r 5 20.48, P 5 0.07) in these patients. WT mice exhibited significantly increased liver injury (P < 0.05) and higher hepatic triglyceride levels (P < 0.01) compared with Nogo-B KO mice in response to chronic ethanol feeding. Nogo-B in Kupffer cells promoted M1 polarization, whereas absence of Nogo-B increased ER stress and M2 polarization in Kupffer cells. Conclusion: Nogo-B is permissive of M1 polarization of Kupffer cells, thereby accentuating liver injury in ALD in humans and mice. Nogo-B in Kupffer cells may represent a new therapeutic target for ALD. (HEPATOLOGY 2017;65:1720-1734.
C hronic alcohol consumption leads to hepatic steatosis, a marker of liver injury. Hepatic steatosis is the abnormal accumulation of lipids in hepatocytes and may stem from a host of insults, with metabolic and viral etiologies among the most common. (1, 2) Kupffer cells (liver resident macrophages) mediate inflammatory responses in alcoholic liver disease, but also contribute to the development of steatosis in a paracrine manner. (3) (4) (5) (6) (7) Macrophages have different functional states with a proinflammatory M1 type and an anti-inflammatory M2 type. (8) (9) (10) The mechanisms that govern this M1/M2 polarization remain to be elucidated.
Nogo-B, also known as Reticulon 4B, is an endoplasmic reticulum (ER) resident protein that maintains ER structure. (11) (12) (13) Nogo-B belongs to the Reticulon 4 family composed of three isoforms, Nogo-A (200 kDa), Nogo-B (55 kDa in humans, 45 kDa in rats/mice), and Nogo-C (25 kDa). (14) Nogo-A and Nogo-C are expressed in the central nervous system (15) with Nogo-C also expressed in skeletal muscles. (15, 16) Nogo-B is expressed in most tissues. In the liver, Nogo-B is the only isoform that has been found and is expressed in nonparenchymal cells and cholangiocytes, but not in hepatocytes. (17) We showed that Nogo-B increases liver fibrosis by facilitating transforming growth factor b signaling (17) and inhibiting apoptosis of myofibroblasts (activated hepatic stellate cells). (18) The role of Nogo-B in Kupffer cells is unknown, although Nogo-Bdeficient monocytes/macrophages have defects in cell migration and induction of inflammatory cytokines. (19) M1 macrophages release proinflammatory enzymes and cytokines such as inducible nitric oxide synthase (iNOS), interleukin (IL)-1b, and tumor necrosis factor a (TNF-a), and can be induced by interferon c and lipopolysaccharide (LPS). (20) (21) (22) Importantly, iNOS, IL-1b, and TNF-a have been reported to enhance hepatic steatosis in alcoholic and non alcoholic settings. (6, 7, 23) In contrast, M2 macrophages express anti-inflammatory enzymes and cytokines such as CD163, IL-10, arginase-1, scavenging receptor, and mannose receptors, and are implicated in tissue repair, remodeling, and immune regulation. M2 macrophage polarization can be induced by IL-4 and IL-13 stimulation. (20) (21) (22) Studies also implicate ER stress as a key factor that causes M2 polarization. (24, 25) Given that Nogo-B is highly expressed in Kupffer cells and that Nogo-B regulates ER structure and function, (13) we investigated the role of Nogo-B in M1/M2 Kupffer cell polarization and the development of ethanol-induced steatosis in human liver specimens and mice.
Materials and Methods

HUMAN ALCOHOLIC LIVER SPECIMENS
Liver specimens from a clinical trial investigating alcoholic hepatitis were provided by Moon Young Kim (Yonsei University Wonju College of Medicine, South Korea). (26, 27) This study excluded patients who showed more than F3 fibrosis grade according to the META-VIR fibrosis scoring system, because it focused on hepatic inflammation and early fibrosis rather than advanced hepatic fibrosis. Patients' clinical profiles are summarized in Supporting Table 1 . For our study, 30 liver samples were used. Each liver sample was scored in terms of steatosis (0, <5%; 1, 5%-33%; 2, 33%-66%; 3, >66%), inflammation (0, 0 foci; 1, <2 foci; 2, 2-4 foci; 3, >4 foci per 2003 field), ballooning (0, none; 1, few balloon cells; 2, prominent ballooning), necrosis (0, none; 1, mild; 2, moderate; 3, severe) and fibrosis (0, none; 1, perisinusoidal or periportal only; 2, perisinusoidal and periportal; 3, bridging fibrosis; 4, cirrhosis) based on the histological scoring system by Kleiner et al. (28) All values were then combined as final liver histological scores, which categorized these samples into three groups: (1) mild (n 5 10), combined liver histology score of 0-4; (2) moderate (n 5 10), combined liver histology score of 4-11; and (3) severe (n 5 10), combined liver histology score of 11-14.
ANIMALS
Two-month old, male, Nogo-B knockout (Nogo-A/B 2/2 , C57BL/6 background) and their agematched littermate wild-type (WT) mice were used.
ARTICLE INFORMATION:
All animal experiments were approved by the Institutional Animal Care and Use Committees of Yale University and the Veterans Affairs Connecticut Healthcare System and were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Nogo-A/B knockout (KO) mice were a gift from Stephen Strittmatter (Yale University, New Haven, CT) and Mark TessierLavigne (Rockefeller University, New York, NY).
SINGLE LPS INJECTION
To induce acute liver inflammation, WT and Nogo-B KO mice were administered a single intraperitoneal injection of LPS (500 ng/g body weight). Nine hours after LPS injection, mice were sacrificed and samples (plasma and liver tissues) were harvested for protein and RNA extraction as well as histological analysis.
ETHANOL DIET FEEDING
WT and Nogo-B KO mice were fed with a LieberDeCarli liquid diet (F1258SP, Bio-Serv, Flemington, NJ) containing 5% ethanol for 6 weeks. For controls, WT and Nogo-B KO mice were given a control diet (F1259SP, Bio-Serv), which matched ethanol-induced calorie with maltose dextrin. These diets were prepared daily and provided in the late afternoon before a 12-hour dark cycle. Mice were pair-fed with all diets. Nine hours before sacrifice, mice received a single intraperitoneal LPS injection (500 ng/g body weight) to promote hepatic inflammation. Liver tissues and plasma were collected.
HISTOLOGICAL AND IMMUNOHISTOCHEMICAL ANALYSES
Formalin-fixed and paraffin-embedded liver tissue blocks were cut into 5-lm-thick sections and stained with hematoxylin and eosin (H&E) solution for histopathological analysis. All liver tissue slides were scored for hepatic steatosis and lobular inflammation based on a scoring system described by Kleiner et al. (28) For immunohistochemistry, paraffin sections were microwaved for 3 minutes, heated in citric acid buffer (pH 6.0) for 30 minutes for antigen retrieval, and blocked with goat serum for 1 hour at room temperature. To investigate the infiltration of neutrophils into liver tissues, immunohistochemical analysis was performed using anti-myeloperoxidase (MPO) antibody (Biocare Medical, Concord, CA) and visualized using an avidinbiotin-peroxidase complex method using a Vectastain ABC kit (Vector Laboratories, Burlingame, CA) and 3,3-diaminobenzidine (Vector Laboratories).
For immunofluorescence of human liver samples, we used anti-Nogo-B antibody conjugated with 555 fluorochrome (red color) and anti-CD68 antibody conjugated with 488 fluorochrome (green color). As the threshold for the differentiation of Nogo-B "high" and "low," we only considered yellow (red 1 green 5 yellow) as a high signal of Nogo-B and green as a low signal of Nogo-B (see Fig. 1B, right panel) . Kupffer cells with a high level of Nogo-B are shown in yellow due to the overlap of Nogo-B (red) and CD68
1 Kupffer cells (green), while a low level of Nogo-B appears predominantly in green (indicating only CD68 expression). We used five fields at 2003 magnification per human liver sample for analysis. Five fields were sufficient to cover almost the entire sample area, because liver biopsies were conducted with a very small needle.
MEASUREMENT OF HEPATIC AND PLASMA TRIGLYCERIDES AND PLASMA ALANINE AMINOTRANSFERASE
Details regarding the measurement of hepatic and plasma triglycerides and plasma alanine aminotransferase are provided in the Supporting Information.
MACROPHAGE ADOPTIVE TRANSFER
Details regarding macrophage adoptive transfer are provided in the Supporting Information.
KUPFFER CELL ISOLATION
Kupffer cells were isolated from WT and Nogo-B KO mice using the collagenase liver perfusion system as described previously. (29) Briefly, the liver was perfused with a digestion buffer containing collagenase for 5 minutes, chopped finely, and filtered through a 70-lmthick mesh. The hepatocyte fraction was discarded after centrifugation at 50g for 5 minutes. Nonparenchymal cell fractions were carefully layered on the top of Percoll gradients composed of 25% and 50% Percoll layers. After centrifugation at 2300 rpm for 30 minutes, the Kupffer cell fraction was isolated from between the two different Percoll gradient layers. Isolated Kupffer cells were cultured with Roswell Park Memorial Institute 1640 medium containing 10% fetal bovine serum for 1-2 days. 
IMMUNOFLUORESCENCE
Liver tissues fixed in 10% neutral buffered formalin were processed routinely and embedded in paraffin. Paraffin-embedded tissues were sectioned at thickness of 5 lm. For immunofluorescence of isolated Kupffer cells, the cells were plated on coverslips and fixed in 4% paraformaldehyde for 15 minutes. For immunofluorescence of CD68 (1:100; MCA1957; AD Serotec, Raleigh, NC) and C/EBP homologous protein (CHOP; 1:200; 2895; Cell Signaling Technology, Beverly, MA), liver tissues were fixed in 4% paraformaldehyde, dehydrated in 30% sucrose solution, and sectioned at a thickness of 6 lm. After washing with phosphate-buffered saline (PBS), liver sections and cells were incubated with 0.1% Triton X-100 in PBS for 20 minutes for permeabilization. Then, sections or cells were blocked with 5% donkey serum for 
QUANTITATIVE REAL-TIME POLYMERASE CHAIN REACTION
Details regarding quantitative real-time polymerase chain reaction are provided in the Supporting Information.
WESTERN BLOT ANALYSIS
Details regarding western blot analysis are provided in the Supporting Information.
STATISTICAL ANALYSIS
Data obtained from all experiments were expressed as the mean 6 standard error of the mean (SEM). Statistical significance among multiple groups was determined by performing one-way analysis of variance or a Student t test. P < 0.05 was considered statistically significant.
Results
ELEVATED LEVELS OF Nogo-B ARE FOUND IN KUPFFER CELLS IN PATIENTS WITH ALCOHOLIC LIVER DISEASE AND CORRESPOND TO DISEASE SEVERITY
Immunohistochemistry of liver specimens from patients with ALD demonstrated that Nogo-B levels dramatically increased with severity of ALD (Fig. 1A) . Nogo-B was mainly found in sinusoidal areas but not in hepatocytes (Fig. 1A) . Immunofluorescent staining showed colocalization of Nogo-B with CD68, a Kupffer cell marker in the liver. However, the levels of Nogo-B expression varied among Kupffer cells (Fig.  1B) . The ratio of Kupffer cells exhibiting high levels of Nogo-B to the total Kupffer cells correlated (r 5 0.66, P 5 0.048) with severity of ALD evaluated by histopathological scores (Fig. 1C,D) . The total number of Kupffer cells did not change with disease severity (Supporting Fig. 1 ). Further, those Kupffer cells tended to show crown-like structure (Fig. 1C , arrows and insets), which is typically observed in advanced steatohepatitis. (30) These results indicate that Nogo-B labeling in Kupffer cells increases with the severity of ALD.
KUPFFER CELLS WITH HIGH Nogo-B LEVELS CORRELATE POSITIVELY WITH M1 TYPE KUPFFER CELLS AND NEGATIVELY WITH M2 TYPE KUPFFER CELLS IN PATIENTS WITH ALD
To determine whether a correlation between Nogo-B expression and Kupffer cell polarization was present, we examined Nogo-B, iNOS (M1 marker), and CD163 (M2 marker) labeling of liver specimens from ALD patients with varying degrees of inflammation. Both Nogo-B and iNOS levels increased with severity of ALD ( 
Nogo-B INCREASES ETHANOL-INDUCED HEPATIC STEATOSIS AND INJURY IN MICE
We next examined whether genetic deletion of Nogo-B in mice altered ethanol-induced hepatic steatosis and injury. WT and Nogo-B KO mice were fed the Lieber-DeCarli (LD) ethanol diet or a control diet for 6 weeks. Histological analysis demonstrated that ethanol feeding significantly increased hepatic steatosis in both WT (steatosis score 5 2.0) and Nogo-B KO mice (steatosis score 5 0.83), compared with their respective control pair-fed mice (WT, steatosis score 5 0.16; Nogo-B KO, steatosis score 5 0) (Fig. 3A,B) . However, WT mice showed significantly higher steatosis (2.4-fold, P < 0.05) than Nogo-B KO mice (Fig.   3B ). Livers from WT mice exhibited macrovesicular steatosis that was predominantly pericentral (Fig. 3A , inset, black arrows). In contrast, mild fatty change was observed in the livers of Nogo-B KO mice (Fig. 3A , inset, yellow arrows). Consistent with the histological findings, hepatic and plasma triglyceride levels were significantly higher in WT mice (2.5-fold, P < 0.01 and 1.57-fold, P < 0.01, respectively) than Nogo-B KO mice in response to chronic ethanol diet feeding (Fig. 3C,D) .
Furthermore, hepatic inflammation scores ( Fig. 4A , P 5 0.05), plasma alanine aminotransferase (ALT) levels ( Fig. 4B, P 5 0.05) , and neutrophil infiltration assessed by immunohistochemistry of MPO (Fig. 4C , P < 0.01) were all significantly higher in WT mice than Nogo-B KO mice.
Supporting Fig. 2 shows the expression of Nogo-B in the liver of mouse fed control or LD diet. Nogo-B was highly positive in nonparenchymal cells and cholangiocytes, but not in hepatocytes, except for some hepatocytes around the portal vein in the LD diet group with very faint staining. These observations are consistent with our previous studies. (17, 31) 
Nogo-B IN KUPFFER CELLS FACILITATES ETHANOL-INDUCED LIVER INJURY IN MICE
We performed adoptive transfer of macrophages, in which bone marrow-derived macrophages from WT and Nogo-B KO mice were injected in to B6 CD45.1 mice (The Jackson Laboratory, Bar Harbor, ME) (Fig. 4D ). These mice were fed an LD diet for 10 days, followed by gavage administration of ethanol in accordance with the National Institute on Alcohol Abuse and Alcoholism model. (32) Figure 4E shows that approximately 30% of F4/80-positive Kupffer cells/macrophages in the recipient mouse originated from the donor mouse. Nogo-B KO macrophage adoptive transfer demonstrated reduced liver injury, indicated by H&E staining and lower ALT values (P 5 0.01) (Fig. 4F) , and MPO levels (P 5 0.002) as an indicator of neutrophil infiltration and inflammation (Fig. 4G) , compared with WT macrophages.
Furthermore, a coculture experiment demonstrated significantly higher levels of triglycerides (by 30%, P < 0.05) in hepatocytes incubated with WT Kupffer cells than those with Nogo-B KO Kupffer cells (Supporting Fig. 3 ). This also suggests that Nogo-B in Kupffer cells promotes hepatic steatosis. of Nogo-B in LSECs is not likely to be a factor in the lipid accumulation in hepatocytes.
Nogo-B PROMOTES M1 AND INHIBITS M2 POLARIZATION OF KUPFFER CELLS IN MICE FED ETHANOL
We determined expression of a proinflammatory M1 macrophage marker (iNOS) and anti-inflammatory M2 macrophage markers-including IL-10, CD163, mannose receptor C type 1 (MRC1), and mannose receptor C type 2 (MRC2)-in livers from WT and Nogo-B KO mice fed LD or control diet. As shown in Fig. 5A , ethanol-fed WT mice demonstrated significantly increased numbers of iNOS-positive Kupffer cells compared with ethanol-fed Nogo-B KO mice. In contrast, WT livers exhibited decreased expression of IL-10 (2.2-fold, P < 0.05), CD163 (2.9-fold, P < 0.05), MRC1 (2.2-fold, P 5 0.09), and MRC2 (2-fold, P 5 0.09) compared with KO livers in response to ethanol (Fig. 5B) .
The same pattern was observed in Kupffer cells isolated from WT and Nogo-B KO mice fed an LD diet for 6 weeks. FACS analysis demonstrated higher iNOS (M1, P 5 0.002) and lower arginase-1 (M2, P 5 0.0007) levels in WT Kupffer cells and lower iNOS (M1) and higher arginase-1 (M2) levels in Nogo-B KO Kupffer cells (Supporting Fig. 5 ).
Given that elevated blood levels of LPS are a hallmark of alcoholic liver disease (33) (34) (35) and that LPS is a major inducer of M1 polarization, (25) we also determined M1/M2 polarization in WT and Nogo-B KO mice in response to LPS (500 ng/g body weight). Nine hours after LPS injection, WT livers demonstrated increased expression of proinflammatory genes, including iNOS (0.4-fold, P 5 Plasma triglyceride levels (mg/dL). All data are shown as the mean 6 SEM (n 5 3-6 per group, *P < 0.05, **P < 0.01).
0.06), IL-6 (0.69-fold, P 5 0.06), MIP-2a (0.58-fold, P < 0.05), MIP-1a (0.6-fold, P < 0.05), MIP1b (0.65-fold, P < 0.05), E-selectin (CD62E) (0.57-fold, P < 0.05), and CD11b (0.69-fold, P < 0.05) compared with Nogo-B KO livers (Fig. 5C ). In contrast, anti-inflammatory genes such as arginase-1 (ARG-1) and IL-10 were significantly higher in Nogo-B KO livers than WT livers (Fig.  5C ). FACS analysis confirmed this trend with Kupffer cells isolated from WT and Nogo-B KO mice treated with LPS, showing higher levels of IL1b (P < 0.0001) and TNF-a (P < 0.0001) in WT Kupffer cells than in Nogo-B KO Kupffer cells (Supporting Fig. 6 ). These results support the notion that Nogo-B regulates proinflammatory M1 Kupffer cell polarization in ALD. Absence of Nogo-B therefore promotes Kupffer cell polarization toward M2 and away from M1 polarization. /g ). Nogo-B increased proinflammatory gene levels and decreased anti-inflammatory gene levels. All data are shown as mean 6 SEM (n 5 3-6 per group). *P < 0.05. **P < 0.01.
Nogo-B PROMOTES M1 POLARIZATION OF KUPFFER CELLS IN VITRO
The role of Nogo-B in Kupffer cell activation was next confirmed in vitro using primary Kupffer cells and RNA interference of endogenous Nogo-B. Kupffer cells were isolated from WT and Nogo-B KO mice and treated with LPS (100 ng/mL), a strong M1 inducer, for 24 hours. Then, expression of M1 type macrophage markers, iNOS, IL-1b, and TNF-a, were examined. Expression of all of these M1 markers was significantly increased in WT Kupffer cells (12.8-fold for iNOS [P < 0.01], 3.9-fold for IL-1b [P < 0.05], and 3.1-fold for TNF-a [P < 0.05]), compared with Nogo-B KO Kupffer cells (Fig. 6A-C) . Furthermore, silencing Nogo-B by Nogo-B siRNA significantly decreased expression of iNOS (1.7-fold, P < 0.01) and IL-1b (1.8-fold, P < 0.01) in a macrophage cell line (Raw 264.7 cells) in response to LPS treatment at 100 ng/mL for 24 hours (Fig. 6D,E) . These results indicate that Nogo-B regulates markers of M1 activation.
LACK OF Nogo-B FACILITATES M2 POLARIZATION OF KUPFFER CELLS THROUGH INCREASED ER STRESS
Immunofluorescence microscopy of livers from ethanol-fed WT and Nogo-B KO mice showed a prominent increase in the levels of BiP/GRP78, an ER stress marker, in WT hepatocytes (Fig. 7A) . Because Nogo-B is not expressed in hepatocytes, (17) the increase in BiP labeling in WT hepatocytes may reflect the 2.5-fold increase in lipid accumulation found in WT hepatocytes compared with those from Nogo-B KO mice. In sharp contrast, levels of BiP/ GRP78 in Kupffer cells were much higher in Nogo-B KO livers than WT livers (Fig. 7A, arrowheads) (5-fold, P < 0.01). Immuno-labeling of CHOP, another All data are shown as the mean 6 SEM (n 5 3 per group). *P < 0.05. **P < 0.01. (F) Raw 264.7 cells were treated with tunicamycin (2ug/ml) for 2 hours before LPS treatment (100 ng/mL) for 24 hours. Tunicamycin treatment significantly decreased messenger RNA levels of the M1 markers iNOS, IL-1b, and TNF-a but increased levels of CD163, an M2 marker. All data are shown as the mean 6 SEM (n 5 3 per group). *P < 0.05. **P < 0.01. Consistent with these findings from liver sections, Nogo-B knockdown using Nogo-B siRNA increased BiP/GRP78 (by 25%, P < 0.01; Fig. 7C ) and CHOP (6-fold, P < 0.01; Supporting Fig. 7 ) in raw 264.7 macrophages in response to ER stress inducers, tunicamycin (2 lg/mL for 24 hours) and thapsigargin (1 lM, 2 hours), respectively. Tunicamycin had no toxicity toward raw 264.7 cells at 2 lg/mL over the time frame of the experiment (24 hours). This concentration was chosen as an optimal concentration after multiple concentrations (0.5, 1, 2, 5, 10, and 20 lg/mL) were tested. These findings indicate that Nogo-B mediates ER stress in Kupffer cells in the setting of chronic ethanol feeding.
To further examine the link among Nogo-B, ER stress and M2 polarization, Kupffer cells from WT and Nogo-B KO mice were treated with IL-4 (20 ng/ mL for 24 hours) to induce M2 polarization, and ER stress was determined. BiP/GRP78 levels were significantly higher in Nogo-B KO Kupffer cells than in WT Kupffer cells (Fig. 7D) . Furthermore, expression of an anti-inflammatory cytokine, IL-10 (2.9-fold, P < 0.05), and M2 markers, CD163 (22.1-fold, P < 0.01) and MRC1 (2.1-fold, P < 0.01), was significantly increased in Nogo-B KO Kupffer cells in response to IL-4 compared with WT Kupffer cells (Fig. 7E) .
To determine the effect of ER stress on M1 polarization, raw 264.7 cells were treated with tunicamycin for 2 hours before treatment with LPS, an M1 inducer, for 24 hours. Tunicamycin-pretreatment decreased expression of iNOS (3.5-fold, P < 0.01), IL-1b (16-fold, P < 0.01), and TNF-a (16.6-fold, P < 0.01), but increased CD163 (4-fold, P 5 0.06) even in the presence of LPS (Fig. 7F) .
Along with a study in which CHOP induced M2 polarization, (25) our results suggest that lack of Nogo-B facilitates cytokine-induced M2 polarization of Kupffer cells by accentuating ER stress.
Discussion
This study demonstrates that Nogo-B accentuates injury in ALD by promoting M1 polarization and inhibiting M2 polarization in Kupffer cells. Liver specimens from patients with ALD showed that Nogo-B levels increased with severity of hepatic injury and steatosis. Furthermore, the human liver specimens showed that Nogo-B levels in Kupffer cells are positively correlated with M1 polarization and negatively to M2 polarization. Consistent with the human data, presence of Nogo-B in mice resulted in increased hepatic steatosis and inflammation, increased M1 polarization, decreased M2 polarization, and reduced ER stress levels in Kupffer cells in response to ethanol. Mechanistically, this study suggests that increased ER stress in Kupffer cells due to absence of Nogo-B promotes M2 polarization of Kupffer cells and decreases liver steatosis, inflammation, and injury in response to ethanol feeding.
Macrophage polarization plays an important role in disease progression and regression. (8, 9, 36) M1 macrophages express high levels of proinflammatory enzymes and cytokines, such as iNOS, IL-1b, TNF-a and IL-12, while M2 macrophages induce anti-inflammatory enzymes and cytokines, including arginase, CD163 and IL-10. Multiple factors are involved in M1/M2 polarization. Among such factors, ER stress is known as a critical inducer of M2 polarization. (24, 25) A prior study showed that ER stress was necessary to generate M2 phenotype through JNK activation and increased peroxisome proliferator-activated receptor gamma expression. (25) M2 Kupffer cell polarization by CHOP-induced ER stress was reported to ameliorate steatohepatitis in mice. (37, 38) These studies support our findings. Our result demonstrating inhibition of LPSinduced M1 polarization by tunicamycin pretreatment (Fig. 7F ) may be important. This finding suggests that ER stress not only facilitates M2 polarization, but also suppresses M1 polarization, implicating ER stress as a critical determinant of M1/M2 polarization of Kupffer cells.
Nogo-B, as an ER resident protein, plays an essential role in maintaining ER structure. Lack of Nogo-B leads to a reduction in the number of ER tubules and an expansion of peripheral sheets (12, 13) One function of ER sheets is to aid in the unfolded protein response, (11) which may predispose to developing ER stress in response to stimuli. (13) This may explain higher ER stress seen in Nogo-B KO cells. Further investigation of ER structure in the presence and absence of Nogo-B may identify specific structural differences that promote ER stress responses.
A previous study demonstrated that BiP suppresses ER stress in hepatocytes and reduces hepatic steatosis in obese rodents. (39) In our study, despite increased levels of BiP in Nogo-B KO Kupffer cells, BiP did not appear to protect Nogo-B KO Kupffer cells from ER stress. This was indicated by increased levels of CHOP, another ER stress marker, in Kupffer cells in livers from Nogo-B KO mice fed the LD diet (Fig.  7B ) and in macrophages with Nogo-B suppression as presented in Supporting Fig. 8 . The reduced hepatic steatosis and injury associated with a lack of Nogo-B may be related at least in part to increased M2 polarization through ER stress/CHOP mediated signaling. Further studies evaluating the relationship between Nogo-B and ER stress may suggest a broader role for Nogo-B in an array of disease processes where ER stress is a prominent feature.
This study has identified Nogo-B as a novel regulator of Kupffer cell polarization in response to ethanol and a promoter of ethanol-induced hepatic steatosis. We previously demonstrated that Nogo-B regulates liver fibrosis/cirrhosis. (17, 18) Global deletion of Nogo-B gene in mice resulted in decreased liver fibrosis/cirrhosis and prevented the development of portal hypertension. (17, 18) Plasma Nogo-B levels were also found to be increased in patients with cirrhosis, suggesting a role of Nogo-B in the progression of liver cirrhosis. (40) The current study, along with these other observations, suggest that targeted deletion of Nogo-B in Kupffer cells could be a novel therapeutic strategy for ethanolinduced hepatic injury.
This study identifies a paracrine-mediated effect of Kupffer cells on hepatic lipid accumulation. Chronic alcohol consumption leads to lipid accumulation in hepatocytes by increasing fatty acid synthesis, decreasing fatty acid oxidation, and reducing triglyceride export from the liver. (41, 42) The role of nonparenchymal cells in mediating lipid accumulation is less understood. Kupffer cells have crucial roles in the inflammatory responses of alcoholic liver disease, but also appear to contribute to the development of steatosis in a paracrine manner. (3) (4) (5) (6) (7) Depletion of Kupffer cells in mice by clodronate liposomes was reported to decrease steatosis in a nonalcoholic setting. (6) Proinflammatory M1 markers such as iNOS, IL-1b, and TNF-a have also been implicated in the development of alcoholic and nonalcoholic hepatic steatosis. (6, 7, 23, 43) Cannabinoid CB2 receptor in Kupffer cells reduced ethanol-induced hepatic steatosis by inhibiting M1 polarization and favoring M2 polarization. (38) Furthermore, M2 Kupffer cells were shown to facilitate apoptosis of M1 Kupffer cells, thereby mitigating hepatic steatosis. (22) Given that Nogo-B is not expressed in hepatocytes, the current study demonstrates that Kupffer cells can contribute to hepatic steatosis in a paracrine manner.
We have suggested that Nogo-B regulates Kupffer cell polarization through ER stress. However, there may be other mechanisms by which Nogo-B exerts its effect on Kupffer cell polarization. For example, IL-4 is known to induce M2 polarization not only through ER stress but also through other pathways including the induction of oxidative stress, autophagy and peroxisome proliferator-activated receptor gamma. (24, 25) Nogo-B may also be involved in these processes, thereby contributing to Kupffer cell polarization. Similarly, presence of Nogo-B resulted in increased levels of M1 markers such as iNOS, IL-1b, and TNF-a in response to ethanol. These proinflammatory enzyme and cytokines are induced by nuclear factor kappa B. Therefore, Nogo-B may also facilitate M1 polarization through nuclear factor kappa B activation. These possibilities should be examined to further clarify the role of Nogo-B in Kupffer cell polarization.
In conclusion, we have demonstrated that Nogo-B worsens the severity of ALD by promoting M1 polarization and inhibiting M2 polarization in Kupffer cells. Histological assessment of Nogo-B levels and its association with severity in patients with ALD confirms this association. Therefore, targeted deletion of Nogo-B in Kupffer cells may represent a potential therapeutic strategy for ALD.
